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Sublegends (a), (b), (o), and (d) of figure 10: Change
"fan C (lower surface)” to "fan B (lower surface)."
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TECHENICAL HOTE NO. 1330

EFFECT OF CRITICAL MACH NUMBER AND FLU‘I'I‘ER 01:]
MAXTMUM POWER LOADING OF DUCTED FANS

By Arthur A. Regler, John G. Barmby, and Harvey H. Hubbard
SUMMARY

Flutter tests were made of two wind-tunnel-fan models, ons of
which had conventionsl Clark Y airfoll sections and the other of
which had high-camber blade sections. The results of the tests
confirm the stall-flutter theory which predicts much higher flutter
speeds at the high 1ift cosfficients for the high-canmber blades,
The high-camber blades could, thersfore, be operated at much
higher power loading than could the low-camber blades. Aerodynamic
data of these tests indicated lititle difference in efficiency for
the two fans but somewhat higher maximum 1ift coefficient for the
high-cerber fan. The efficisency of the fans decreased after the
velocity, as calculated by two-dimensional theory, exceeded the speed.
of sound on the upper blade surface.

An enalysis is made of the factors thet determine the power
loading of a fan blade section. Graphs are presented which give
the meximum power loading for idealized sections of various
thickneas vatios opereting at the critical Mach mumber.

Exemples show that the idsal or design 1ift coefficlent of
an girfoil is almost the seme ag the lift coefficlent giving the
meximum flutter speed. It 1a thervefore desirable that a section
be operated at the idesl lift in crder to obtain high critical speeds
as well as the moximum mergin of safety wilth respect to flubter.

INTRODUCTION

An important problem in the design of ducted fans, such as
wind-tunnel fans and axlal compressors, is the absorption of maximum
power at high efficiency without bhlade fallure. The present papsr
1s concerned with two of the factors which mey limit the power
loading of fans. These factors are the flutter speed and the
critical Mach nuuber of the blade section.
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The flutter speed is shown in reference 1 to depend on the
lift coefficlent of the blade. TFor overation at high Lif't coeifi-
clents, theory shows that the flutter spesd can be increased by
properly cambering the blade section. In order to check this
theory, a model fan having high-camber blades was built and
tested and the resulte were compared with those for a Tan heving
Clark Y airfoll sections. The results of these bests are reportod
in the present paper. o

In order to determine to what extent high 1ift coefficlents
can be used to advantage, en anaslysis is made in which the critical
Mach mumbers of the blade sections are taken into conslderation.
Relations for the power losding and the pressure rise ars obtained,
and the meximum power loalling per unit blade area is glven for
idealized airfoil sections of different thiclkness ratios operating at
the critical Mach number. The analysie applies only to a blade
elomsnt operating et ideal conditions and, therefore, cannot
be directly applied to the psrformence of the entire blade. The
anelysis serves, however, to show the important parameters end gives
an upper limit to the useful power that can be absorbed if the
section critical Mach number is considered to correspond to the
limiting speed for efficlent operation.

SYMBOLS
T thrust, pounds
v axiael velocity of stream, feet ner second
o} density, slugs per cublc foot
W resultant velocity at blade section, feet per second
c chord, fest
A blade area, square feet
M Mach number
My hellcal tip Mach number
a speed cof sound in air, feet per second
P power, foot pounds per second
Pp power loading per unit blade area, horsepower per square foot
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Cr, 1ift coefficient

¢ goometric helix angle, degrees

r radius to propellsr section, feet
R propeller tlp radius, feet

B number of blades

c sollidity

CP pressure coefficient

d—é%:i glope of lift cwrve

Cmc /Y pitching-moment coceifficlent about guarter-chord point
X distance along x-axis, chords

h's distance along y-axis, chords

Xg.g. location of center of gravity as meesured from leading
edgs, chords

C}_r_uI 1ift coefficient for ideel no-twist condlition

CLu untiwisted or design value of 1ift coefficient

qa dynamic pressure of opsrating speed, pounds per sgquers
oot (%-pW‘e) o

K terslonal stiifness of blede, foot-pound per radilan

G shear modulus of elagticity, pouds per square foot

J torsion modulus of section, f'ee'l:,’+

+ thickness of sectlon, feet

L vepresentative length of blade, feet

Q quantity rate of flow through fan, cubic feet per second

4p bresgsure rise through fan, pounds per square foot
Mfca.l calculated classical-flubter tip Mach number
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maximum measured. flutter tip Mach number

max
Toim minimm measured stall-flutter tiy Mach mumiler

o section angle of attack, degrees -

B blade angle at radius r, degrees

2 angular veloclity of propeller, radians per second

i) efficiency

a' rotational-velocity interference factor

Subscripts:

n untwisted or design

cr critical

I idea}

div divergence speed

£ fiutter epeed

i incompregsible

M conditions at criticel Mach number

max maximmm

0] standard conditions

THEORETICAL ANALYSIS

Relations for Power Loading and.Pressure Rise

The following enalysis is based on simple blade-element theory
and neglects the drag forces and the change of deneity of the fluid
pessing through ths fan. The guantities considered are shown in
Tigure 1. The useful power ja glven by the product of the thrust T
and the axial velocity V.
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For an elerent of bplads radius dr the relations for the
power are as follows:

4P =V 4T = V dL cos ¢

where
= wpW2C ¢ dr
dL 29 LC xr
V=W sin ¢
Therefore,
= 503 :
d.P-epWCLcosgl‘siancdr
Since
c dr = dA
end.

cos ¢ sin gh% sin 2¢

g-i = %p‘.“{?’CL sin 2¢ ..(l)

The quantity d.P/dA is the power loading per unit blads area.
When the resultant blede-element veloclity W is expressed in
terms of Mach mumber M and spesd of sound e, equation (1) may
be written

% %‘ M3a.3 sin 2 : (2)

If the geometric helix angle ¢ is l#5°, the powsr loading per unit
blede arez is a maximm; that is, :
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@—QM = Loopu3a3 (3)

A convenlent expression for the meximum power loeding per unit
blade area PAM expressed in horsepowsr per square foot for air

at standard conditions is

1 (0.002378 x 11163> 3
P, =i o
Amax 4 ( 550 WACE

= 1500 OpM° (%)

Equation (4) may be written in a more general form for any donsity
and speed of sound as

so0 2 & 3
Ppy = 1500 5 (%)3 CIM (5)

where pp refers to density of air at standerd conditions and

a to gpeed of sound in air at standard conditions.

0’

An expressicn for. the pressurs rise mey be cbtained by equating
the thrust of the fan blade vlements to the product of the pressure
rige Ap times the area through wnich the blads olements swesp.
Thus, for a fan having a given number cf blades B and a blede-
element radius dr

B 4T = Ap2nr dr

B 4T
2nr dr

Ap =

%pwec]-_,ac dr cos

enr dr
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Since

Ap = %’pW_ECLU cos @ (6)

Or, In termgs of M and s,
Ap = -é-pCLMaa.ec cos el

It may be noted that the maximum value of Ap occurs when ¢
1s 0°; whereas the maximum value of P, occurs when § is 45°.

Meximm Power Loading as Limited
by Critlcal Mach Nunber

Eguation (3) shows that the power loading is proportional
to CLM « Increasing the 1ift ccefflcient generally decreages the

critical Mach number. The problem is therefore to find the value
of CI'M and the associated section critical Mach number M., such

that the product of ¢ 3 ie é ma.xiﬁum. In the pregent analjsis
cr .

the critical Mach nunber of the blade section is assumed to be the
upper limit of efficlent operation.

Ideallzed sections.— Max. A. Heaslet of ths .A:r_nes Aeronsutical

Laborgtory of the NACA has shown the relation between critical Mach
number and 1ift coefficient for various airfoils. As’'a limiting

case an ldeallzed section with elliptical thickness distribution

was used; this section carried 1lift with a flat—~btop 1ift distribution
in which one-half of the 11ft was considered to act on the lower
surface and one-half, on the upper bBurface. Such an idealized section

has been used in the present paper to evaluate the 'quantity CIMMcr3
for varlous thickness ratios.
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The method used for calculating the critical speed of an

alrfoil at a given 1ift coerfficisnt consistas of first calculating

the potential two-dimensional. pressure distribution. (See references 2
to 4.) The peak negative pressure is then correcied for compressi-
bility, end the stream Mach number is found at which the local Mach
number is unity. The lift coefilcient for incommressible flow is

then corrected for compressibility to this stream Mach number. This
1ift coefficient is desiagnated CT—M arnd. the corresponding stream

Mach nunmber is designated Mg,. For simplicity and consisgtency

both the peask pressure. coefficient and the 1ift coefficient have
been corrected in the present paper by means of the Prandtl-Glauvert
factor as follows:

and

In figure 2 the valusg of CIMMcrs and maximun power loading
P, (hp/sq ©t) ere plotted against Cry for the family of

hypothetical ideslized airfoll ssctions. ILines of constant critical
Mach number are also shown. The figure shows that for these
idealized airfoil sections, the power loading becomss greater for

the higher lift—coefficlents. For exerple, a 9-percent~thick airfoil
sectlon operating at CIM = 0.3 has a critical Mach nunmber of 0.C

and a power loading of 225 horsepower per square foot. A section
of the same thickness operating at CIM = 1.05 hsasa a critical

Mach number of 0.7 and a power loading of 540 horsepowsy per

square foot. The meximum power loading occurs at the highest lift
cosfficlent at which the section operates. If the curves were
extended far enough, they would heve maximwm valuwes of CIMMcr , but

the curves were calculated only to a valus of 1.5 for Cry since
this value already i1s higher than that normally obtained in practics.

Figure 2 also shows the advantage of using thin airfoil sections
to ebsorb higher powsr. The power.loading at Cry = 0.8 1is 516 horse-
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power per sguare foot for a 6-percent-thick airfoil section and

390 horsepower per square foot for a l5-percent~thick airfoil
section, This conclusion regarding the effect of thickness applies
only for airfoils operating at the design 1ift coefficient. =
Because of high pesk pressures at other than the design 1ift coeffi-~
clent, the thin airfoll sections may not have the advantage shown
by figure 2.

Conventional alrfoll sectlions.— As pointed out by Heaslet the

idealized sections are not practical airfoils, chiefly because the
elliptical thickness distribution would cause flow meparation on

the afterbody; thus, high drag would result. The idealized section

of a given thickness ratio, furthermore, represents a different shape
airfoll for each 1ift coefficient. Thua, the curves in figure 2

for 6-percent thickness represent not ons airfoil shepe but en

infinite number of airfoil shspes of &percent thickness. In order

to determine how nsar conventional airfoils approach the fdealized
section in critical Mach number and power loading, three conventional
alrfolls are compared with the idealized sections of the same thickness.

. The three conventlionel sairfoils are a Clark Y airfoil section
having 11.7-percent thickness and 3.5-percent camber, & Clark IM
ailrfoll section with the mame thickness dlstribution but with
SO-percent cember, end an NACA 16-series airfoil of 12-percent
thickness, 5.5-percent camber, and s design 1ift of 1.0. The airfoil
shapes are shown in figure 3. The coordinates of the firet and second
eirfoils are given in reference 3 and the coordinates of the last
alrfoil are in reference k.

The crlticel Mach number as determined theoretically is plotted
in figure L for the conventional airfoills and the 1l2-perceni~thick
1dealized airfoil, The critical Mach number for the idsalized—alrfoil
curve decresses with an incresse in lift coefficient. Each conventional
alrfoll is seen to approach the curve of the idealized airfoll over
a certeln range of Qqu. This favorable range coincides approximately

with the design or ideal 1lift of the particular airfoll. At low
valuss of the 1lift coefficient the critical Mach numbers may be low
beceuse of the high velocity at the front lowsr surface of the
airfoil.

Figure 5 gives the maxlimum power loading for the same alrfoils.
The power loadings for the high-camber airfoils become favoreble
only at the higher 1ift coefficients. At the high 1ift coefficienis
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the high-camber sections have higher power lcadings bhan tho low-
camber gectlon. Some dcubt exists, howsver, as bo the mexiiwm Lift
coefficient that can be umed in practice without ceparation cf flow
resulting in low efficiency.

The design of the whole blade for a given operating condition 1s
beycnd the scope of the present paper. If the entire arsa of a
propellier or fan blede is consldered, the averags power loading 1s
much lower than the meximvum power locading which refers only to the
loading of an isclated blede section cperating at ita critlical
speed. This difference occurs becauss the inboard secticns are
operating at much lower stream Mach numbers and becauss the helix
angle veries along the blade. The average power loading 1s probably
increased by reducing the tip lift coefficlent and incroasing tho
tip Mach mumber; thereby, the powsr loading of the inboard soctions
is increased.

Maximum Powsr Loading as Llimitsed by Flubter Speed

Flutter is & self-exclited oscillation cf a body caused dy energy
absorbed from the alr stream. This oscillation is usuelly very violent
and destructive. The two principal types of flutier are classical
Iflutter and stall flubtter. Clasglcal flutter is an oscillatory
instability of en airfoil operating in a potential flocw. Iun gensral,
such flutter requires at least two coupled degrees of Treedom, such
a8 bending and torsion. Stall flubtter is caused by separation of
flow ard occurs on alrfolls operating near or in the stall condition
of flow. This type of flutter requires only one degree of freedom,
usually torsion, and ip gensrally attributed to the hysteresis in
the 1lift curve near gtall.

In reference 1 the classicel flutter spessd and the diversmence
gpeed are shown to be almost the same for provellers and fans. A
design sufficisntly rigid to preclude divergence ig usuelly safe
againgt classical flutter. The asrodynamic moment muy however
apprecliably twist the blade at much lowsr speeds. This twisting may
change the anglo of attack sufficiently to cause stall flutter.

In reference 1l the stall flutter was seen to occur on a con#enticnal
Clark Y airfoll section when the blade twisted sufficiently to
increase the 1ift cosfficient to about Cr, = 1.0. This valus cannot

be talen as an absolute limit since the stall characteristic depends
on Reynolds nuaber, Mach number, and type of airfoil. No asrodynemic
twisting mowent would be present on the blade if the aerodynamic
center of pressure of the blade section coincided with the center of
gravity of the section (reference 1). For this condition ths dlads
does not twist until the divergence speed is reached. ‘The relation
for this lift coefficient of no twist is glven in reference 1 as
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Tur | (8)

where
Cmc/h pitching-moment cbefficient'about quarter-chcrd point

Xc.g. location of center of gravity as measured from leeding edgs,
chords

If the 1ift coefficient is greatex than_.CLuI,- the airfoll flutters

at reduced spesd with positive stall; if the 1ift coefficient is less
than CLuI, flutter occurs at reduced spesed with nogative sbtall.

In elther case, the meximum power that the bladdé absorbs scours when
the blade 1s operating at its lift coefficient of no twist CLu .
' i I

The following equations, based on equations from reference 1,
have been used to calculate the 1lift coefficient at flubtsr spesd
for any velue of CLu:

A5 4/ag1y
c (9)
L = Ly, 1 - . - 4 LuI G-
La1v, qd.iv
and
a
¢ Cp - @L - ) (10)
Iu 7L 7 agiy OLug
where
Cy, 1ift cosfficlient
CLu untwisted or design valus of 1lift coefficient

cLuI lift coefficient for ideal no-twist condition

q_/qdiv dynamic pressure of cperating speed divided,by dynamic
. pressure of divergence speed
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From equation (1) the power loading is seen to be proportional
to W3GL. Since g is proportional to WE the power losd.ing /for

a given value of g4y is therefore proportionel to O (-—g'
O lv

Figure 6(a) glves the relative maximun power loading at flutter speed

Tor the conditlon that CLu is grea.ter than CLu Ths curves

are calculated by use of eguation (10) on the e.sswrption that flutter
occurs when Cr, = 1.0. As was pointed out previsusly, all eirfolls

do not flutter at exactly OCp = 1.0. The use in this analysis of
this velue for Cj, as the 1lift conefficilent at which fluttexr occurs

is for purposes of estimating the variation of power loading four
various valuves of (}Lu and. GLuI;

I CL is less than cL\ the operating lift cosfficient

decreases with increased spued and. the mexirmum power loa.ding d.ropa
off very rapidly a=s CLu differs from CLuI In thie case the

maximm power does not occur at the flutter spoed but at gnre point
below the flutter spsed. The maximun powesr lozding for various
values of cLu is plotted in figure 6(L). The curves in this

figure were ob%ained. by @raphical methode and use of equation (9).
Figure 6(a) shows that if a blade sectlon having a velue of

CLu = 0.4 is operated st CLu = 0.8 the blade abscrbs only 0.5 of

I

the power it wounld ebsorb if it were operated at Oy = 0.4. Tigure 6(1)

shows that if the blade section having & value of CLL\.I = 0.4 wore

operated at CLu = 0.2 the blade absorbs only 0.02 of the power it

absorbs when operated at CLu = 0.4, This example illustrates that

for a blade to absord meximum power, CLu should equal Cr, v j end,

if a deviation exists, the value of C'rLu should be greater than CLu

T

rather then smaller. These condltions are in line with standard
practice.

The dynamic pressure of divergence speed daiv 1s that pressure

at which the asrodynamic-moment stiffuness of the blade equals the
torsional stifimess at the hlade and mey bs obtained from vibration
date as indicated in reforences 1 and 5. Reference 1 gives an
expression for the divergence speed in terms of the torsional
gtiffness of the blade as follows:
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X
daiv = 75 L g, -1) (11)
where
L representative length of blede, feetb
c chord., feet
Xc.g. locatlon of center of gravity as meesured from lead.ina
edge, chords
K torsional stiffness of blade, foot-pound per redian

The torsional stiffness X d4is proporitional to %I where G is
the shear modulus of elasticity of the material end J is the torsion
modulus of the section. For thin sections, J is approximately

proportional to t3¢c where 1s the thickness of +the section.
Equation (11) may be written

G(t) c2

Qv * _ dCL >
e . 11_ L

Equation (12) shows theb 934y Veries directly as the shear

modvlus of the materiasl, as the cube of the thickness ratio, end as
the square of the chord-length vratic and variles inversely as the
distance of the ssction center of gravity from the gquarter-chord
position. For example, if the blade thickness is increased from

6 percen’c to 15 percent d3iv 1s increased by a factor of (—%)

or 15.6. If a blade is made with a gufficiently large thickness
ratio or sufficiently lerge chord-length ratio, the flutter problem
can be sliminated entirely. This increase of ratios, however, is
done at the expense of more weight or of poor a.erodynamic character-
1stics and lower critical speeds. _ -

(12)

The stall-flutter apeed expressed in texrms of dynamic pressure
may be obtained from eguation {10) on the assumption that flutter
occurs at a given 1lift coefficient Cr,- The equatlon is
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c -G ‘
de = daiv __Ii____}_:__u_ (13)
o1,

For posltive stall flutter, CLf CLu_ LuI I Ly
equals CLu s, ‘the term in the perentheses equals unity, whicn 1is
I

1ts maximum value. Any deviation from this condition reduced the

flutter speed. By proper design of the chordwise load distribution,

cLu may be made identical to the ideal or design 1lift coefficiont
T

of the blade section. The ideal 1ift corresponds to the 11ft at the
ideal angle of attack, which 1s defined as the angle at which the
front stagnation point is at the leading edge of the alrfoil., If
the section is operated at this ideal 1lift, the nighest critical
speed and best flow conditions are obtained for that oporating
condition. (See reference 6.)

For the homogeneous conventional alrfoll sections consldered
in the present paper, CLI is almost equal to Cp . Teble I

glves the values of CLu

T

viougly disecussed., The values of ch are calculated by equation (8).
T

and CLI for the trree airfoil ssctions pre—

The valusa of Cmc/h and. CLI wore obbtalnsd from potentiel
calculations. Ag sesn irom table I, operating the alrfoils at CLu
T

hag no disadvantages since CLI and CLu are almost the sgame.
T

The value of Qa4v that should be used depends on the
epplication. In general, a very high value of qdiv glves a
stiffor blade having a longer operating life, particularly in
applicatione where vibration is severe. A high value of 34y

is. also necessary where the operating conditions vary widely, that
is, where the value of CLu varies over wide limits. Eguatlon (13)

shows thet for such conditicne g may be only a small frection
of dgqvy In some wind-tunnel fans and axial-flow compressors,

however, the operating condition with respsct to the blade 1lift
coofficlents does not vary apprecisgbly. In such cases a lighter
blade having & lower value of gqg4, mDay be successfully used. It

appears that the most econocmical and efficient design would be one
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in which CLu of the blads were equal to the minimm operating

T
1ift coefficient for maximum spesd. In general, such a design gives
the highest critical spesd as well es the gres.test flutter sa.xety
mergin for a given valus of daiv*

EXPERIMENTAL STUDIES OF FAN FIUTTER AT HIGH LOADING

Equipment and Test Procedurs

Wind-tunnel-fan models were tested in the seme open-retuwrn
tunnel used for the tests of reference 1. A diagramatic sketch of
the test setup is shown in flgurs 7. The blads tips were 1lluminated
by stroboscopic light and observed in operation by mesens of &
window in the tunnel wall. The blade load and CLUL of the Dplads

wore varled by means of slats in the tumnel exit. - These slata
change tne tunnsl velocity and thereby cha.nge the angle of attack
of the fan bledss.

The fans are mads of laminated Sitke spruce and have a snecific
gravity of a@bout 0.5 and a diameter of 45 inches. Blade-form curves -
for the fans tosted are shown in figure 8. The fans are as follows:

Fan A is & six-blade fan having conventional Clark Y airfoil
sections. This fan is the same as the fan dssignated in reference 1l
as propslier A.

Fan B 1s a four-blade fan having Clark YM airfolil sections of
9-percent cember. This fan has the sams blade dimensions and 1ift
distribution along the blade as fan A. Fan B is also operated as
& six-blade fan to obtain some flutter points at low lift coeflicilents.
All date reported are taken for the four-blude fan except one datum

point at CLu.= 0.4 in figurs 9.

Fan C ig the sams Tour-blade hlgh-camber fan es fan B but with
the difference that one blads was weakensd by cubtting out part of the
spruce and inleying a balse insert. The cut-out was necessary to :
weaken the blade in order to obtain flutter over a wide range of CLu‘

The flutter speeds of fan C refer only to the flutter of the weakened
blade. Cutting end inleying the blade warped the dlade sufficiently
to give it about ll-percent camber. The value of- cLui ‘Lor this

section is therefore not the same as that glven in table I for the
9-percent-camxber Clark ¥YM alrfoll section.
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Results

. Comparative measurernents were made with the six-blade fan A

and the four-blade fan B to determine the flutter characteristics,
maximum power loading, meximwn 1ift coefficient, end efficiency of
the two Tens. The power loading ls expressed in terms of horse-
power per square foot. ZEach blade has an area of about l/ll- sguare
foot. : - ’

The results of theose tests are given in figures 10(a) to 10(e).
The efficiency is delined as the uceful power divided by the notor
output as meesured by & strain-gage dynamometer. The power is thoe
integral of dQ Ap, vwhere Q is the gquantity rate of alr flow through
the fen and Ap 1is the pressure rise through the fan. The absolute
values of these measurements are not very good, dbut the same
systematic errors epply to both fans; consecuently, the ef7iciencies
should be useful only for compariscn purposes. The Fen losses are
due to the drag of the alrfoil sections and the rotational energy
loss. Since the airfoil sections were amall and rough (reximun
Reynolds numbsr of 1,000,000), the section drag losses were prcbably
higher than for full-scale fans. From the consideration of efflciency,
there seems to be little choice between the two fans.

The 1ift coefficients are glven for the 0.9 radius. The Lift
coefficlents are obtained from total-pressure measurersnts takesn
behind the fans and by use of equation {6). The rotational-
velocity interference factor a' is low for the tlp section of
the fansg tosted. This factor wes therefcrs neglected 1ln the
?.etennix)wtion of W <for the calcuwlation of the 1lift coefficlent

a' = 0}.

Since the niodel Reynglds numbers wore small and the models were
rough, the meximum 1lift coelficlents are probably lsss than would be
obtalned with larger Reynolds numbers and sioother models. Fan A,
having a conventional Clark Y airfoll section, gave maximun 1ift
coefficients of 0.8 at the 0.9 radius and of 0.9 on some of the
inboard sections. Fan B, having the 9-vercent-canber Clark Y
airfoll sections, gave maxirmm 1ift coefficients of about 1.0 at
the 0.9 redius and of 1.4 at some of the inboard sections. Alithough
the higher-camber fan doss glve somewhat higher maxirum lifts,
these high lifts are obtainsd at soms losses in efficlency. The
prediction of how much 1ift would bs carried by fans overating at
high Reynolds numbers, wlthout separation of flow occurring with
& resulting loss of efficiency, is difficult hscause of some uncertainty
cof the effect of Reynolds number on the maximum 1lift.

The blede-tip twisting as a fimction of the 1ift coefficient
for constant fan spesd is given for fan B in figure il. The Lift~
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coefficlent 1s given for the 0.9 radius and 1ls calculated from total
pressure measurements as previously dlscussed. Ths twist at the
tip was obeerved by means of a stroboscope end was measured with

& protractor cn a telsscope. Figure 11l shows that for constant
operating speed the blade twisting deformation Increases the angle
of attack at the high 1ift cosfficients and decreases the angle of
atteck at the low 1lift coefliclents. Note that a 1ift coeificient
exists for which the blede twist is zero. This value of Cr, is by

definitlon the experimental 1ift coefficlent of no twlst S
I
The value of CLu for fen B is approximatelv 0.8 (fig. 11). This

value is less than the theoretical value,l.16, for the Clark ¥YM
airfoil section given in table I. This discrep&.ncy is belisved to
be dus to section boundary-layer effects. The experimental valus of
CLu for fan A is glven in reference -1 as 0.37. Althoueh fa.n B

T

has an expsrimental valus of cLu less th&n ‘that pred.ic'bed. from

’cheory, the experimental value of CLu is avout twice that ror

T
fan A. A fan with the same section as fen B can be omployed at high
1lift coefficlents with a greater margin of safety than cen & low-
cawbeyr fan section.

The decrease of CL with tlp Mach nuinber es shown in figures 10(a)

and 10(h) for fen B is obviously caused by the blade twisting and
decreasing the angle of attack because the fan is operated at e 1lift
coefficlent below the experimentally determined value CLu. = 0.8.

T

The decrease of C; at high Mach nwwbers shown for fan B in

figure 10(c) is primarily a compressibility effect augmented. by the
Plade twisting in a negative dirsction becauss the center of pressure .
has moved back at the high Mach numbers. Figures 10(d) and 10(e)

glve t'esults Por both fans vartly esballed with resultinﬁ lOW
- efficlency.

- The power loading of the fans as given in figure 10 1s expressed
in terms of horsepower per sguare foot. The mexirmum values obtained
in thess tests. ere much below those shown in filgures 2 and 5 which
glve theoretical values calculated on a basis of a 45° helix ongle
and the critical Mach pumber of an lsoldted sectlon. PFor a fan of
which the Mach nwiber and helix angle vary greatly with the radius,
the maximum valuss given in figures 2 and 5 cannot be atialned. TFor
an exial-flow compressor, however, of whick the blades are short
and made to operabs at essentially a constant helix angle and Mach
number, it may be pessible to attain a power losding approaching
that given in figures 2 and 5.
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The critical Mach numbers obtalned from figure 4 are given in
figure 10. The values of Cp used for obtaining Mcr are ‘taken

et Mg = 0.4k, Since Cp changed with tunnel conditions, the -

criticel Mach pumbers are different. The critical Mach numbers of
both the upper and lower surfaces ¢f fan B are also indicsled. TFor
fan B at low 1lift coefficients a high velocity peak occurs on the
lovwer leading—edge surface; thus, & low critical Mach number results.
This locellzed supersonic rezion does not ssem to have uuch
gignificance. The conclusion is In agreement with the conclusion
in reference 4, which stetes that the Mach numbers at which large
changes in airfoil characteristics occur are difficult bo predlct
especlally when sharp pressure peaks exist at the lcadlng edgs. In
figure 10(b) no eignificant chenges in the 1lift coefficlent or the
efficlency are seen to ocour until the critical speed on the upper
surface hag boen exceeded. This drop in efficiency 1s probably due
to flow separation caused by shock, es pointed out in reference 7.
These tests indicete thet the critlcal speed of the upper surface
as calculated by two-dimensional theory is essentially a limiting
speed for efficient operation of ducted fans.

One of the most significant results of the investigation is
glven in figure 9. This figure givee the maximum power absorbed in
terms of horsepower per sgquare foot for fans A and B as a function
of the 11ft coefficient C7, at 0.9 radius. The curve for fan A

represents the power absorbed as limited by flutter. The maximum
power loading 1s about 100 horsepower per square foot of blade area
and occurs-at a value of cLu of about 0.47. This result 1s in

felr agreement with the theory which sliows that the maximum power
loading should occur at CLuI of about 0.37 for fan A. Fan B did

not flutter ah valuee of CLu between 0.5 to 0.85; consequently,

this part of ithe curve ig shown as a sliort—daesh line. In this
range the power is limited by the maximum speed of the motor, This
meximum power loading for fan B ia beyond the limits of efflcient
operation becausce the fan is operating in the supercritical speed
region. The flutter points were obta’ned at values of cLu of 0.k,

0.88, and 0.92 and this part of the curve is shown as a solid line.
The long-dash curve gives the power loading at the point where the
fan efficiency has dropped to 80 percent. The power loading of
fan B reaches a maximum value of 150 horsepower per square foot
which 1s conslderably greater than that reached for fan A.

The flutter point for fen B at Cp, = 0.4 was obtained with
a slx-blade fan; the points at Cp = 0.88 and CLu = 0,91 were

obtained with the four-blade fan B. The steep slope of the power-—
loading curve for fen B at the high and low 1ift coefficients
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indlcetes that a fan having hlgh-canber sections can be used
successfully to absorb & large emcunt of power over a certsin rengs
of high 1lift coefficients but that such blades have undesirable
flutter characteristics at the low 1ift coefficients.

The vibration frequencies and flutter speeds asre glven in -
table II. The flutter speeds are calculated by the method of
reference 1 when the O. 8-radiuvs station is used as the refsrence
station. The maximum and minimum measured flutter speeds are also
tabulated. The minimum spoeds are those obtained with the bledes
conpletely stalled.

The meximum flutter speed for fan A is somewhaet less than the
calculated classical-Flutter speed ‘corrected for compressibility.
Fan C checks the calculations guite closely. Fan B had soms
incipient flutter at a tip Mach mumber of Q.67 when opsrating with
the tunnel open. This Mach number corresponds to the approximats
critical Mach mumber of ths upper blade surface for tunnsl-open
condition. As the speed wae increased into the supercritical
region, this flutter dlsappeared and the blades cperated very
smoothly to the top speed of the motor which corresponds to a tip
Mach number of 0.86. At these top speeds the blade lost most of
the 1ift near the tip and, aleo, twisted in a negative direction.
Although the ducted fan opsrated smoothly in the supsrcritical
reglon at speeds sbove the classical-flutter speed, 1t does not
necessarily follow that such will be the case for three-dimensional
bodies.

The last row of btable IT glves the minimum measured stall-flutter
tip Mach nunber dividsd by the calculated classical-flubter tip
Mr

Mach nwmber min « This nuwdber isg of particuler interest when

cal

fans are considered which may be required to operate in the
completely stallsd condition. No rellable theory is avallable,
unfortunately, for predicting this minimum flutter speed, which
veries for different blade-section shapes, blade plen form, blade
materials, and so forth. At present any dssign which is intended
to operate in the stelled condition should be tested by overaspsed
whirl tests.

CONCLUSIONS

The results of the analysis and of tests made of two wind-tuwnnel-
fan models to determine the efrfect of flutter speed and critical
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Mach number on the power lomding of the blade sections indicatod
the followlng results:

L. In spite of the fact that higher 1ift coefficients result in
lower critical speeds, the powsr that a blade section absorbe at
the critical speed 1s a mexiiwm at the highest 1lift coefficlent the
blade section cen develop. This fact applies to idealized eectlons
end to conventional sections operating near the ideal 1irt.

2. If flutter limite the operating epesed, the fen absorbs the
maximum power when the blads is designed to operate ut the 1ift
coefficient of no twist. When this lift coefficlent and the
ldeal or design 11ft coefficient are identical, a blads opsrating
cloge to ite ideal lift has a nmaximum criticel spesd ag well as &
maximum flutter speed. Any maberisl deviation from the ideal 1ift
coefficient results in a greatly reduced meximum power loading.

3. The anticipated Increasé of powor loading of the high- |
camber blade was obtained in the tests. Thers was little dilffersnce
in the efficiency bhetween the Clark ¥ and the higi-camber Clark ¥M
fans, bubt the high-camber blades developed bomewhal higher maximmaa
1ift coefficlents. The high~camber blades, however, ware found to
have very poor Fflutter characteristics at the low 1ift coefficients.

Y. The fan efficiency decreased rapidly after the sonic velocity
on the upper blade surface of the fan sections was exceeded.

ILangloy Memorial Aeromeuntical Iaboratory
HNational Advisory Committee for Aeronautics
Tengley Fleld, Va., April 16, 1947



NAGA TN No. 1330 21

REFERENCES - : S

Theodorsen, Theodore, and Reglor, Arthwr A.: Effect of the
Li.|f'b Coefflcient on Propéller Flutter. NACA ACR No. L5F30,
19"“5- B - . . T

Theodorsen, Theodore: Theory of Wing Sectlons of Arbitrary
Shape. NACA Rep. No. kll, 1931.

» Theoddrsen, Theodore, end Naiman, Irven: Pressure Distributions

for Representative Alrfoils and Related Profiles. NACA
TN No. 1016, 19h6. :

. Abbott, Ira H., von Doenhoff, Albert E., and Stivers, .Louis S.dr.t

Sumery of Airfoil Data. NACA ACR No. L5C05, 1945.

Theodorasen, Theodore, and Garrick, I. E.: HMechanism of Flubter -
A Theoreitical and Experimental Investigatlon of the Flutber
Problem. NACA Rep. No. 685, 19L0.

Theodorsen, Theodore, and Stickle, George W.: Effect of a
Trailing-~Edge Extension on the Characiteristics of a Propeller
Section., NACA ACR No. LUT21, 19hk.

Steck, John: Compressible Flows in Aeronautics. Jowr. Aero. Sel.,
vol. 12, no. 2, April 1945, pp. 127-1L8.



- " NACA TN No. 1330

TABLE I.~ COEFFICIENTS AND LOCATION OF CENIER OF GRAVITY

FOR AIRFOIL SECTIONS

Adrfoll Cmg /1 ¥c.g. Cry Cllgg
Standexrd Clark Y -0.085 0.4k 0.50 0.45
Clal'k YM - ""22 l""ll' 1-29 lsl"é
NACA 15-1012 -.25 48 1.00 1.05

TABLE II.- VIBRATION FREQUENCIES AND FLUTTER SPEEDS

Itoms : Fan A Fen B ¥an C
Firet bending freguency, cps Th 8h 75
Second bending freguency, cps 26 - ohs 220
First torsion frequency, cps 355 365 287

Calculated clasasical-flubter or
divergence speed at 0.8-radiug

station, fps 172 195 2k
Calculated classical-flutter tip
Mach number, Me oo 0.8 0.89 Q.70

Calculated clasaslcal~-flubtter tip
Mech nunber, ccrrected for -
compressibility - 10.76 0.73 0.64

Meximum measured flutter +ip

Mach nuwiber, Mp _ 0.70 .. (a) 0.66
Minimum measured stall-flutter - | ‘ '
tip Mach number, My . 0.34 Ok 0.28
Mf min
—min 0.%0 0.50 0.40

M
fcal

®No flutter vp to maximum operating speed of tip Mach number 0.85.

NATIONAL ADVISORY
COMMITTEE FOR ARRONAUTICS
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Figure 1.~ Diagram of velocities and forces considered in
analysis.



Fig. 2

NACA TN No. 1330

8Lko

/
For * 0.5 A /////77
5 / /| //CZ/////

(pe:ﬁnt)
S i
. .%//////"/’J/ :
VAVZ@ b
600 /// ,//// /// 12
AN AL 1"
d

Prmax’ DP/sq £t

I
N
\ Sy
<
N
N

3 ///Z///

/f////

120 ’
NATIONAL ADVISORY_
COMMITTEE FOR AERONAUTICS ~ ]
0
0 A4 & 1.2 1.6

'CLM

.56

L8

A0

32

2

.16

.08

Figure 2.- Maximum theoretical power loading and ¢ Mcr3

of 1dealized alrfoll sections for Cy,
M

cLun°r3



NACA TN No. 1330

.20

Fig. 3

-

\

0
Clark Y
-2 B L i l |
020
w
L]
&
G
LY
s Clark YM
-2 i | i | i
‘20
NACA 16-1
cal 01z NATIONAL ADVISORY
COMMITTEE FOR AERONAUTICS
-2 ] 1 1 i j
0 .20 40 .60 .80 1.00
x, chords

Figure 3.~ Shape of airfoil sections,



1.0

or

.2

Pigure li.~ Comparison of critical Mach numbers of conventional
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Figure 9.- Meximum measured power loading as function of Cr,
u
at 0.9 radius.
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Figure 10.- Variation of power loading,
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(b) Tunnel blocking, 33 percent. For fan A, Mgp = 0.,68; for fan B
(upper surface), M. = 0.6l3; and for fan T'(lower surface),
Mep = Ou45.

Figure 10.~ Continued,
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- Fig. 10c
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(¢) Tunnel blocking, L9 percent. For fan 4, M., = 0.66;

for fan B
Mop = 04613

(upper surface), and for fan C (lower surface),

Mop = 0.50.

Figure 1l0.- Continued.
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(d) Tunnel blocking, 65 percent. For fan A, M, = 0.6L4; for fan B
(upper surface), Mg, = 0.62; and for fan{C,/(lower surface),

Mop = 0.9, L _ o -
Figure 10.~ Continued.
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(e) Tunnel blocking, 75 percent.
Figure 10.- Concluded.
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Figure 1l.- Blade-tip twisting of fan B as function of Cp at

= 0.l.

0.9 radius for constant fan speed;
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